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1.- Introduction 
In the last decade, the rapid advances in silicon 
micromachining have enabled the realization of a 
variety of novel functions in the micromechanical 
world similar to the functions performed by 
microelectronics. MEMS technology exploits 
photolithographic techniques to fabricate 
microstructures with extremely high dimensional 

tolerances, precise positioning on the chip, and well-
controlled microactuation. This potential is suitable 
to fabricate precision-defined Integrated Optic (IO) 
circuits and offers a relative easy alignment 
procedures of optical fibers, reducing the packaging 
cost. This category of photonic devices constituted a 
new extension of MEMS, called Micro-Opto-
Electro-Mechanical Systems (MOEMS). There are 
several aspects of optical fiber technology which 

ABSTRACT: 
Silicon micromachining benefits from the small scale and the facility of integration with electronic 
circuits and sensors resulting in production of miniaturized and smart microsystems with moving 
parts. The dimensional scale of MEMS/MOEMS devices is immediately compatible with the size 
of Integrated Optics, and is appropriate to control or manipulate optical radiations. This 
technology is suitable to fabricate precision-defined optical components and offers a relative easy 
alignment procedures of optical parts. This paper examines the contribution of micromachined 
structures in the specific context of opto-mechanical sensors based on the Integrated Optical read-
out using a Mach-Zehnder interferometer, monolithically integrated on top of piezoelectrically and 
electrostatically actuated membranes. 
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silicon micromachining may make significant 
contributions. Only few fiber-optic sensors have 
fully developed from their prototype status to 
commercially available product status. Main 
considerations are cost alignment requirements for 
optical fibers, and high sensitivity to temperature 
and vibration effects, and phase noise. The 
alternative, which offers particular potential in 
approaching these problems, is the combining fiber-
optic technology and silicon micromachining. 
Integrated sensors, when linked by optical fibers, 
can provide immunity to electromagnetic 
interferences and isolation from high voltage circuits 
as well. Detecting displacements of cantilever 
beams, microbridges, or membranes sense the 
physical parameter. Such MEMS structures convert 
a mechanical displacement to a change in optical 
intensity and serve as the basis for sensors, since 
many physical parameters (temperature, pressure, 
force, acceleration) can be converted to a 
displacement or strain [1]. The interest of silicon 
micromachining is also well demonstrated in 
coupling of optical fibers to optoelectronic devices 
by passive alignment of fiber on the V-groove 
and/or U-groove shaped silicon microbenches. In the 
following sections, two demonstrator sensors will be 
discussed, using a read out principle based on a 
Mach Zehnder interferometer (MZI) where the 
measuring branch of MZI is crossing the MEMS 
actuator and a rigid reference branch is outside of 
the actuator.  

 
2.- Opto-mechanical sensors with 
micromachined IO structures 
IO circuits require optical waveguides that connect 
various passive or active optical components. The 
use of V- or U-grooves enables insertion of fiber 
optics into IO circuits. Incorporation of diaphragm 
or cantilever beams in the path of a waveguide 
permits to measure the physical effects that changes 
the effective refractive index of guided waves 
induced by motion or deformation of MEMS 
structure.  

 
2.a.- Technology of micromachined channel 
waveguides 
Channel waveguides are the most common IO 
components, using mainly silicon substrate 
/SiO2/SiOxNy/SiO2 or silicon substrate/SiO2/doped 
SiO2/SiO2. The waveguides with SiOxNy as core 
layer have the refractive index contrast in the range 
from 0.05 to 0.55, so these waveguides are suitable 
to match to optical fibers. An example of single-
mode buried waveguide, operating at 0.680-µm 
wavelength, is shown in Fig. 1 [3] The core of this 
waveguide is a SiOxNy layer fabricated by plasma-

enhanced CVD (PECVD). It consists of a SiO2-
SiOxNy-SiO2 sandwich with the refractive indices of 
the buffer and cladding layers at 1.48 and that of 
core layer fixed at 1.53. A 4-µm wide rib is etched 
in the SiOxNy core layer. The optical attenuation of 
waveguide is 0.6 dB/cm (TE polarisation). 

 

 
Fig. 1. Single-mode SiOxNy burried  waveguide. 

 
Figure 2 shows schematically other waveguide-

related IO components including Y-junctions, X-
crosses, couplers, polarizers, beam splitters, TE/TM 
polarization converters and splitters, modulators, and 
interferometers [3]. All the components may be 
fabricated by standard IC fabrication methods. Two 
more important elements are the Y-junction and 
directional coupler because the most of other 
components consists of combination of both these 
elements.  

 

 
Fig. 2. Schematic of some IO components. 

 
2.b.- Micromachining technologies for optical 
packaging 
Micromachining offers specific advantages for the 
packaging of fiber optic sensors, especially for the 
connection from the fiber to micromachined optical 
sensors. Since the packaging cost is often more than 
50% of the total product cost, this operation has a 
significant impact on the product price. 
Manufacturing ultra precise silicon V-grooves is a 
key point to align optical fibers to Integrated Optics 
or MOEMS devices [4]. Such V-grooves can easily 
be manufactured with a sub-micron precision by a 
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batch fabrication process, involving wet etching of 
silicon by a KOH solution. This permits the passive 
alignment from fiber to waveguide, using vertically 
the bottom of the V-groove and horizontally the rib 
structures of the waveguide [5], as shown in Fig 3.  

 

 
Fig. 3. V-grooves in coupling area 

 
 

 
Fig. 4. Zoom on the coupling area  after saw dicing 

 
 
The structure is finished by saw dicing of 

silicon opening the vertical interface for the coupling 
of fiber-to-waveguide, as shown in Fig. 4. We 
obtained a coupling efficiency around 60% with 
horizontal misalignment of ± 0.5 µm, vertical 
misalignment of ± 0.7 µm and angular precision of 
0.1°.  

The use of V-grooves fabricated by wet etching 
limits the freedom in the alignment of V-grooves 
with MZIs and mechanical structures because they 
must follow special crystalline directions. Moreover 
they involve wet chemical etching is not perfectly 
compatible with certain micromachining processes 
such as PZT layer deposition. In this case an 
alternative solution is to use U-grooves performed 
by dry etching instead of V-grooves, overcoming the 
previous difficulties. U-grooves are manufactured 
with a sub-micron precision by plasma anisotropic 
etching of silicon involving the deep RIE. We 
obtained a coupling efficiency around 55% with 
horizontal/vertical misalignment of ± 1 µm. Figure 5 
is a zoom on fiber-to-waveguide coupling made by 
deep RIE and saw dicing. 

 

 
Fig. 5. Zoom on the coupling interface after saw dicing 

 
2.c.- Example of two active membrane opto-
mechanical sensors 
Figure 6 is a schematic of the membrane-based 
sensor [6]. This consists of a thin PZT transducer 
integrated on top of cladding layer of a MZI. The 
piezoelectric layer of this transducer, sandwiched 
between the metal electrodes, is located in the center 
of 5-µm thick SOI (silicon-on-insulator) membrane. 
In the structure of MZI a waveguide channel is 
defined, which forms both the arms of MZI. The 
sensing arm of MZI is placed on the membrane, 
acting as the interrogation system. The other arm, 
the reference branch, is positioned outside the 
membrane. The membrane size is 1350x1350µm2. 
The total insertion loss of this demonstrator is about 
12 dB. The coupling from optical fiber to waveguide 
is based on the etching of the waveguide substrate 
with the manufacturing of U-grooves, supporting 
fibers in the same substrate as the waveguide 
substrate. The packaged version of demonstrator is 
shown in Fig. 7. 

 

Fig. 6. Schematic of membrane-based read out 
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Fig. 7. Packaged version of membrane-based demonstrator 

 
 

Laser light that propagates through the MZI is 
used to interrogate the amount of deformation 
piezoelectrically induced because a portion of the 
optical waveguide is deformed. So, the MZI output 
signal contains the required information about the 
optical path change of the sensing arm produced by 
membrane deformations, accompanied by local 
modifications of the waveguide refractive index that 
permits the extraction of informations about the 
mechanical performances of the membrane. Figure 8 
shows the  comparison of MZI signal with excitation 
signal for first resonance mode at 92.5 kHz. 

 

 
 

Fig. 8. Comparison of MZI signal with excitation signal 
for first resonance mode 

 
Figure 9 is a schematic of the mirror-based 

sensor. The architecture is based on an 
electrostatically rotatable mirror loaded with an 
optical branch of a MZI on top of the mirror and 
crossing the hinges. It consists on two silicon wafers 
and a borosilicate glass plate. A single mode buried 
channel waveguide is used. The design contains two 
independent micromachined mirrors with electrodes. 
Two unbalanced 34-mm long MZIs are aligned with 
V-groove channels located at both the ends. MZIs 
cross the membranes of micromachined mirrors (4 x 
3 mm2 and 2 x 2 mm2), passing on top of 30-µm 
thick beams. The separation of MZI arms are 
respectively 2.3 and 1.8 mm. The coupling from 
fiber to waveguide is based on V-groove technology. 
The structure is finished by saw dicing of silicon 

opening the vertical interface for the coupling of 
fiber-to-waveguide, as shown in Fig. 10. The 
packaged version of demonstrator is shown in Fig. 
11. 
 

 
Fig. 9. Schematic view of micromirror MZI 

 
 

 
Fig. 10. Full structure before the coupling. 

 
 

 
Fig. 11. Packaged version of mirror-based demonstrator. 

 
 

Figure 12 shows the comparison of MZI signal 
with excitation signal for a resonance mode at 629 
Hz. 

 

 
Fig. 12. Comparison of MZI signal with excitation signal 

for  resonance mode at 629 Hz 
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Conclusions 
Silicon micromachining, which includes 
photolithography, deposition, and etching, opens the 
way to mass production and high precision 
micromechanical structures. Such high precision 
components have an obvious potential and presents a 
good matching with fiber sensor technologies. The 
combination of both disciplines enables high 
precision fabrication of optomechanical sensors. 

The application of an integrated opto-
mechanical sensor as an optical read out of active 
membranes is demonstrated.  Here the MZI system 
crossing an actuated membrane (piezoelectric or 
electrostatic) has the function of converting the 
characteristics of the guided light into an intensity, 

of which the value is representative for a given 
displacement of mechanical part.  This read out is 
used for monitoring mechanical performances 
during lifetime of MEMS devices such as 
micromirrors and as a resonant pressure sensor for 
PZT-based MZI architecture.. 
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